The purpose of this review is to have an overview on the applications on the autologous fibrin glue as a bone graft substitute in maxillofacial injuries and defects. A search was conducted using the databases such as Medline or PubMed and Google Scholar for articles from 1985 to 2016. The criteria were "Autograft," "Fibrin tissue adhesive," "Tissue engineering," "Maxillofacial injury," and "Regenerative medicine." Bone tissue engineering is a new promising approach for bone defect reconstruction. In this technique, cells are combined with three-dimensional scaffolds to provide a tissue-like structure to replace lost parts of the tissue. Fibrin as a natural scaffold, because of its biocompatibility and biodegradability, and the initial stability of the grafted stem cells is introduced as an excellent scaffold for tissue engineering. It promotes cell migration, proliferation, and matrix making through acceleration in angiogenesis. Growth factors in fibrin glue can stimulate and promote tissue repair. Autologous fibrin scaffolds are excellent candidates for tissue engineering so that they can be produced faster, cheaper, and in larger quantities. In addition, they are easy to use and the probability of viral or prion transmission may be decreased. Therefore, autologous fibrin glue appears to be promising scaffold in regenerative maxillofacial surgery.
INTRODUCTION
Reconstruction of maxillofacial bone defects resulting from trauma, cancer, congenital malformation, or infection is one of the most important goals for oral and maxillofacial surgeons and orthopedists. [1, 2] An ideal bone graft material must have osteogenic, osteoinductive, and osteoconductive characteristics which are three important elements of new bone formation. [3] New bone formation by osteoprogenitor cells or osteoblastic cells existing in the graft material is regarded as osteogenesis. [4, 5] Osteoinduction is introduced as the capability to cause pleuripotent cells, from a nonosseous environment to differentiate into chondrocytes and osteoblasts, resulting into bone formation. [6] Osteoconduction refers to providing a suitable environment such as development of capillaries and cells from the host into a three-dimensional structure to bone ingrowth. [6, 7] Autologous bone graft has osteoconductive, osteogenic, and osteoinductive properties and consists of a bone matrix, autologous cells, and growth factors which are present in the matrix. [8, 9] Among bone transplants supporting bone regeneration, autologous bone graft (rib, iliac crest, tibia) has been the gold standard to restore bone defects which naturally provides all the necessary elements for bone regeneration. [10] [11] [12] However, a need to provide another surgical procedure, irregular rates of resorption, [13] its restricted available amounts, displacement of bone graft particles during their placement, [14] donor site morbidity and deformity, [2, 15] increase of infection risk, and cost and time of the treatment [16, 17] are drawbacks of this method. In addition, it may show poor viability because of the lack of vascularization. [18] Recently, bone tissue engineering with avoidance of harvesting autologous bone graft is a promising approach for bony defect reconstruction. [12, 19] In this technique, cells are combined with three-dimensional scaffolds to provide a tissue-like structure to replace lost parts of the tissues and organs. [20, 21] The primary goal of bone tissue engineering is selecting the most appropriate scaffolds. [12, 22, 23] The scaffold should be biocompatible, biodegradable, and should also allow reasonable cell adhesion interactions. [24, 25] In addition, it must increase bone ingrowth through osteoinduction, should not impose any adverse effects on the surrounding tissues due to proceeding, must be malleable or flexible and adaptable to irregular bone defect sites, and should be easy to use. [6] Synthetic biodegradable polymers such as polyglycolic acids, polylactic acid, and poly lactic-co-glycolic acid are commonly used in bone tissue engineering. However, after their implantation in an in vivo model, a great release of acid products occurs which can result in an inflammatory response. [26] Natural polymers such as chitosan, collagen, and glycosaminoglycans are scaffolds which have been used in bone tissue engineering. [27] Fibrin as a natural scaffold, because of its biocompatibility and biodegradability, and the initial stability of the grafted stem cells, has been introduced an excellent scaffold for bone tissue engineering. [24] It may act as a scaffold to provide cell migration into the repairing site and release growth factors over an extended period. [28] The aim of this review is to introduce autologous fibrin glue and describe its roles and applications in regenerative maxillofacial surgery that could be proposed as bone graft substitute.
MATERIALS AND METHODS
In the present review, a search was conducted using the databases such as Medline or PubMed and Google Scholar for articles from 1985 to 2016. The Medical Subject Heading terms or criteria were as follows: "Autograft," "Fibrin tissue adhesive," "Tissue engineering," "Maxillofacial injury," and "Regenerative medicine." All articles were selected, with no inclusion or exclusion criteria.
FIBRIN GLUE STRUCTURE
Fibrin glue, also named fibrin sealant or fibrin tissue adhesive, consists of enriched fibrinogen, also known as cryoprecipitate, thrombin, fibronectin, [29] factor XIII (F XIII), anti-fibrinolytic agents (such as aprotinin and tranexamic acid), [24] calcium chloride, [30] and platelet growth factors. [31] Fibrinogen with a molecular weight of 340 kD is an abundant plasma protein and constructed in the liver. [32] Thrombin is an endoprotease that acts as a blood clotting factor to turn fibrinogen into fibrin. [32] Furthermore, it activates fibrin-stabilizing factor XIII which permits for firm fibrin cross-linkage (in the presence of ionized calcium) and the formation of a constant and nonfragile clot. Fibronectin, similar to thrombin, also participates in fibrin cross-linkage that results in increased cellular migration and fibroblastic development in sites where fibrin glue is used. [29] Factor XIII in fibrin glue helps in the emigration of undifferentiated mesenchymal cells on the highly cross-linked structure of the glue and it raises the proliferation of these cells. [6] After mixing of fibrinogen and thrombin together, within a few seconds, a gel-like component is formed. [32] 
ROLES OF FIBRIN GLUE
Mixing of fibrinogen and thrombin results in the final stage of coagulation cascade that fibrinogen is converted into fibrin monomers and finally forming a three-dimensional network. [33] For more than 100 years, fibrin has been introduced as a blood clotting agent and has been applied in human medicine since 1960s. For the first time, it was sold in the late 1970s, to promote hemostasis and to end bleeding when traditional methods could not control bleeding. [34] At present, it can be used as a hemostatic agent in different surgeries to reduce blood loss or postoperative bleeding [9] and also in hemophilia patient surgeries. [35] The role of fibrin glue or fibrin adhesive in surgery has been recognized since 1972 when Matras et al. [36] used it as an autologous cryoprecipitate solution mixed with an identical amount of thrombin to repair a digital nerve. [14] In addition, because of chemical and mechanical properties of fibrin, [26] it has been used as a sealant system, for example, in colonic and intestinal anastomosis to accelerate fistula closure and laparoscopic/endoscopic procedures. [35] Not only it has been applied as hemostatic agent and sealant material, but also it has served to improve the healing of severe burns, chronic wounds, [27] protection against bacterial infection, [37] and also as a drug delivery system. [38] It has been explained that this glue has good acceptability, and cases of incompatible events have rarely been reported. [39, 40] Fibrin, as a natural biomaterial, has structure similar to the native extracellular matrix and has proven biocompatibility, biodegradation, and binding capacity to cells. [24, 41] The start-up of biodegradation of fibrin glue occurs in about 24 h, [14] its half-life is about 4.6 days, and some studies show that it completely disappears from the body within 30 days. However, one study claimed that complete resorption takes place by the 3 rd day, and another study asserted that lysis of commercially produced fibrin glue occurs within 1-2 weeks. [42, 43] Using fibrin glue scaffold prevents foreign body reaction in the injured site. [14] The scaffold which is used in tissue engineering must be suitable for cell adhesion, proliferation, and differentiation. [44] Fibrin is believed to have a critical role in cellular and matrix interaction. It promotes cell migration, proliferation, and allows making of matrix through acceleration in angiogenesis. [45] Growth factors in fibrin glue such as transforming growth factor-beta, basic fibroblast growth factor (bFGF), and epidermal growth factor can stimulate and promote tissue repair. [24, 46] Before complete resorption of fibrin scaffold at the injured site, the cells multiply and differentiate into new tissues. [45] It acts as a carrier of growth factors to stimulate angiogenesis, maintains growth factors at the wound site, and prevents soft tissue prolapse. [47] Regeneration of adipose tissue, cardiac tissue, cartilage, cornea, skin, bone, liver, nervous tissue, tendon, and ligament are several of the applications of fibrin alone or in combination with other materials as a biological scaffold in tissue engineering. [24, 27] 
AUTOLOGOUS FIBRIN GLUE
There are commercial fibrins prepared from pooled blood (blood from several donors) [48] which can be used as a scaffold in tissue engineering, but on the one hand, they are expensive, and on the other hand, bring a weak cell survival that makes their usage complex as three-dimensional scaffolds for cell culture. [24] Compared to commercial fibrins, autologous fibrin scaffolds which are prepared from a single donor [48] are excellent candidates for tissue engineering, because they can be produced in faster, cheaper, [24] and larger quantities. [34, 46] In addition, they are easy to use, have a better tolerance, [34] and the probability of viral transmission or prion infection may be decreased. [34] Since the recipient is his/her own blood donor, probable risk of infection or of foreign body reaction might be reduce by using autologous fibrin glue, unlike xenogenic gelatin and collagen that may cause inflammatory responses. [24] Furthermore, this type of fibrin scaffold is described as an appropriate matrix for cell growth and differentiation [49] [50] [51] and as release systems of growth factors, such as vascular endothelial growth factor [52, 53] and bFGF. [54] Finally, these features introduce autologous fibrin glue as an interesting scaffold in tissue engineering.
ROLE OF FIBRIN GLUE IN ORAL AND MAXILLOFACIAL SURGERY
The historical overview of role of fibrin glue in oral and maxillofacial surgery is shown in Table 1 . The application of fibrin glue was first described in the field of oral and maxillofacial surgery by Matras in 1982. [55] This researcher explained fibrin glue as a substance owing to the features of tissue sealing, hemostasis, and progress of wound healing in which its usage in maxillofacial nerve repair has a good outcome following traumatic and tumor injuries. Then, this researcher reported the usage of fibrin glue as a hemostatic agent in soft tissue injuries and also as a substitute for suture material in skin graft method and in the drawing of bone fragments in complicated fractures. [29] In addition, fibrin glue, a composite of fibrinogen and thrombin, was described by Keller et al., 1985 , as a suitable scaffold for bone regeneration because of its biocompatibility, biodegradability, and capacity of cell binding. [57] Pini Prato et al. in 1987 compared the use of a commercial sealant system with common suture repair for flap and graft placement in periodontal surgery. [58] Fibrin adhesive led to reduced operative time and hematoma formation and improved healing. Also, Baudo et al. in 1988 showed a decreased need for postoperative factor therapy in hemophiliacs and anticoagulated patients who were undergoing tooth elicitation. [59] Bosch et al. [60] demonstrated that fibrin glue, by significantly reducing the size of the gaps between bony fragments and accelerating the revascularization, improved bone graft incorporation and remodeling. In addition, on comparison, multiplication of microorganisms in the fibrin clot is significantly slower than blood coagulum. These findings could describe the uneventful healing of the bone graft in one patient even with the occurrence of oral opening, dehiscence, and cutaneous fistula formation. As a result of advanced revascularization, mesenchymal cell migration, fibroblasts and osteoblasts growth, and slow multiplication of bacteria which caused rapid healing, the excellent bony consolidation occurred in the 1 st few weeks that the graft was sealed off from the oral cavity. [14] The goal of mandibular reconstruction is to reshape height and width, whereas the clinical usage of the fibrin glue seems to be easy because of its very simple placement and shaping. [31] Tayapongsak et a1. [14] used fibrin glue to guarantee cancellous bone grafts to homologous mandibles during healing. Also, fibrin glue allowed for easier reapproximation of soft tissue following osteoplasties of the mandibular condyle in rabbit model. [61] Several clinicians have considered that hydroxyapatite granules when fibrin glue is used with them are much more easily handled and are less likely to become displaced. [62, 63] Thorn et al. in 2004 reported that the concentrations of fibrinogen (in platelet-enriched fibrin glue) and growth factors (as measured by platelet-derived growth factor) are approximately 12 and 8 times that of found in platelet-rich plasma, respectively. [31] Marx et al. and Whitman and Berry et al. found that maturation rate of particulate cancellous grafts with platelet growth factors is approximately 2 times that of particulate cancellous grafts without the growth factors. [64] [65] [66] In reconstructive bone surgery, the fibrin glue acts as a scaffold for the invasion of cells [67] and as a carrier for bone inductions [68] and can improve the bone graft healing process. [14] A study by Giannini et al. revealed that the presence of numerous growth factors in fibrin glue should enhance the healing potential of the autologous bone graft, probably because of stimulation of the stem cells which are potentially present. [69] Results of another study done by Lee et al. showed that, when a combination of autogenous bone and platelet-enriched fibrin glue is used for maxillary sinus grafting with simultaneous implant placement, the volume of the formed new bone is significantly greater than that of when treated with autogenous bone alone. Furthermore, their study showed that the efficiency of autogenous bone grafting can be improved by the addition of platelet-enriched fibrin glue, and usage of this combination may be effective in improving the height of new bone and the osseointegration of dental implants in sinus floor augmentation with simultaneous implant placement. [70] Fibrin-stabilizing factor XIII which is found in fibrin glue helps in the migration and proliferation of undifferentiated mesenchymal cells on its highly cross-linked glue structure. [47] An experimental study in sheep done by Claes et al. showed that plasma Factor XIII accelerates bone healing through promotion of fibrin cross-linking, fibroblast proliferation, and enhancing osteoblast activity or proliferation during the first and second phases of fracture healing. [71] Experimental study in mouse model did not show any presence of inflammation or foreign body giant cells in ceramic implants with fibrin glue, which indicates that healing by this implant with fibrin glue is not 
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Improving the height of new bone and the osteointegration of dental implants [67] eventful. [72] In addition, based on the study done by Giannini et al. in 2004 , reduced infections and length of hospital stay of patients treated by fibrin-platelet glue, were observed. [69] In the bone repair technology, initiation of early osteogenesis is an important criterion and fibrin glue could be a promising candidate. [72] It also improves the remodeling process which begins earlier by accelerating the migration of fibroblast and the revascularization process. [14] Fibrin, because of its stimulatory effect on mesenchymal cells and its angiotropic effect, is suggested as an enhancement of osteogenesis. Osteoblasts around the implants coated with fibrin glue might have originated from the proliferation, differentiation, and migration of the perivascular pericytes and endothelial cells or the mesenchymal stem cells or committed osteoprogenitor cells as observed in periosteal osteogenesis and bone fracture repair. [73] [74] [75] [76] In addition, it has been suggested that fibrin glue can promote osteogenesis in poorly angiogenic components such as ceramics. [77] It is widely used to promote vascularization due to its pro-angiogenic properties. [78] An experimental study in the mouse model showed successful osteosynthesis without traumatic and toxic conditions 15 days after using fibrin glue-ceramic composite at a nonosseous site. [71] In addition, bone formation was accelerated by the presence of fibrin glue together with the favorable phase composition of bioactive glass system (BGS) and calcium phosphate-calcium silicate system nonporous granules at an ideal implantation site which was concluded that osteoinductive proteins and angiogenic factors can increase cell retention and it is a significant factor in promoting early differentiation of osteogenic cells that was an evidence of the positive role of fibrin glue as a potential osteoinductive biologic tissue adhesive. [71] Abiraman et al. proposed that a combination of hydroxyapatite and bioactive glass granules coated with fibrin sealant could be an ideal bone graft substitute for regenerative bone surgery because of its osteoinductive properties, and also, easy handling of this component in the operating time. [72] Lee et al. showed that fibrin glue can be efficacious in delivering mesenchymal stem cells to help bone regeneration in normal and chemotherapy-treated rats. [79] Perka et al. [41] demonstrated a positive effect of periosteal cells seeded into fibrin beads for critical size bone defect reconstruction in rabbits for 28 days, showing this bead can serve well for repairing defects. The construction of three-dimensional templates for bone growth by Yamada et al. [80] showed that application of fibrin glue plus β-tricalcium phosphate and mesenchymal stem cells resulted in new bone formation at heterotopic sites. Recently, a study by Zhou and Xu [81] showed the usefulness of stem cell-encapsulating fibrin microbeads for injection and bone regeneration. In conclusion, cell-fibrin combinations may be efficacious in bone graft replacement due to their potential to induce bone formation. [24] A study done by Linsley et al. in 2016 showed that hMSCs do not rapidly degrade fibrin and fibrin-collagen scaffolds in vitro. In addition, this study explained that the fibrin scaffolds' stiffness does not significantly change over time and also the construction of fibrin-based engineered tissues and cell delivery vehicles promotes hMSC growth and viability as well as meet the mechanical requirements of native tissues. [82] The study by Lee et al. showed delivery of mesenchymal stem cells for calvarial defect reconstruction in rabbits with the help of autologous fibrin glue. [32] Their study well demonstrated that, in the presence of MSCs, bone regeneration and reconstruction were better with autologous fibrin glue in comparison to macroporous biphasic calcium phosphate. These results support further research to investigate the use of autologous fibrin glue as a scaffold to enhance bone regeneration in non-weight bearing areas such as craniofacial bones. [6] Therefore, several studies support that autologous fibrin glue can be used as a suitable scaffold in regenerative bone surgery including oral and maxillofacial surgery.
CONCLUSION
Autologous bone graft has been considered a gold standard in the reconstruction of oral and maxillofacial defects, but due to its disadvantages such as a need to provide another surgical site, donor site morbidity and infection, and also movement of bone graft particles during their placement, usage of a good bone graft substitute has been considered. Autologous fibrin glue has been introduced as a scaffold for migrating fibroblasts as well as a hemostatic barrier, stimulates mesenchymal cell, induces and promotes angiogenesis, and also initiates early osteogenesis.
These features and additionally its biocompatibility, biodegradability, and easy to use feature make this glue as an interesting scaffold for oral and maxillofacial surgery that may even be a good bone graft substitute.
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